I. INTRODUCTION
Static extreme ultraviolet (XUV) and X-ray absorption spectroscopy has been widely applied to studies of polyatomic molecules in gas, liquid, and surface environments. [1] [2] [3] [4] [5] Core-to-valence transitions can be used to selectively probe the chemical composition, oxidation states, valence orbital symmetries, and alignment of molecules. With the development of time-resolved methods utilizing XUV and X-ray light sources, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] investigations using core-to-valence transitions can be extended to the time domain. Ultrafast dynamics in the vicinity of specific chemical elements and reaction centers within transient molecular species can now be monitored in real-time. 9-13, 24, 25 Ultrafast electronic motion and structural relaxation can be explored with atomic site specificity. [26] [27] [28] [29] [30] Recently, table-top high harmonic sources with attosecond and femtosecond time resolution have been employed to investigate ultrafast physics and chemistry of helium, neon, argon, krypton, xenon, CH 2 Br 2 , and Br 2 . 26, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] The new generation of laboratory-based experiments enables the real-time probing of ultrafast electronic wavepackets, 26 vibrational wavepackets, 43 and dissociative ionization (DI) 34 of polyatomic molecules prepared by coherent strong-field laser ionization.
Strong-field ionization (SFI) of polyatomic molecules accesses multiple electronic continua corresponding to different ionized molecular valence orbitals, [44] [45] [46] i.e., the ionization process simultaneously generates ions in several electronic states, some of which may dissociate. However, the relation between the molecular fragments and the parent ionic states is rarely explored in SFI. The multielectron response of an atom or molecule to a nonresonant strong field leads to complex ionization mechanisms. For example, nonadiabatic multielectron (NME) excitation 44, 46, 47 can generate ions preferentially in electronically excited states and can greatly affect the molecular dissociation pathways. 47, 48 SFI-induced relaxation and dissociation dynamics in polyatomic molecules are often difficult to trace in experiments that detect only the asymptotic dissociation products with techniques such as time-of-flight (TOF) mass spectrometry. A recently developed technique that detects both ions and electrons in coincidence has been able to correlate fragment ions with distinct, initially excited parent ion states. 43 Pumpprobe techniques with a state-resolving capability such as the transient absorption method are particularly valuable to obtain the lifetimes of dissociative ions.
Here, femtosecond time-resolved XUV (50 eV-72 eV) transient absorption measurements are performed on vinyl bromide molecules (CH 2 =CHBr) that are ionized by an intense NIR laser field (∼10 14 W/cm 2 , λ = 775 nm). The experiment focuses on the study of strong-field produced molecular ions and their relaxation dynamics. The detailed mechanism of the ionization process itself (e.g., tunneling versus multiphoton ionization) cannot be explored in this study since the experiment is not sensitive to the intricate molecular dynamics that take place during the presence of the strong NIR field. The strong NIR field can ionize electrons from several occupied molecular orbitals, producing a variety of ionic states. The resulting valence hole configurations are probed by XUV light that promotes electrons from the Br (3d) inner-shell to partly filled valence orbitals at transition energies between 64 eV and 69 eV corresponding to the M 4/5 edge. Assignment of the major spectral features indicates that the transient XUV absorption spectrum directly monitors and distinguishes among parent ions with HOMO and HOMO−1 valence holes, atomic Br fragments, and doubly charged ions, all of which are generated by the NIR pulse.
From the spectroscopic assignments, we rationalize the formation and dissociation dynamics of strong-field induced vinyl bromide ions (C 2 H 3 Br + ) in the electronic ground (X) and first excited (Ã) state. Formation of C 2 H 3 Br ++ dications is also observed. An ultrafast transient XUV absorption energy shift in the singly charged ionicÃ state is observed, suggesting a possible correlation with the C-Br bond dissociation that produces free atomic Br ( 2 P 3/2 ). In contrast, ions in the ionicX ground state and doubly charged ions (C 2 H 3 Br ++ ) appear to be more stable. Electronic structure calculations are performed to elucidate the stability of doubly charged ions. The results offer new insights into the temporal evolution of parent ions in different ionic states and their correlation to emerging molecular fragments.
II. EXPERIMENTAL AND THEORETICAL METHODS
A schematic of the tabletop XUV transient absorption setup is shown in Fig. 1 . A detailed description of the experiment is provided in Ref. 33 . Briefly, a high power NIR femtosecond laser system provides pulses with a center wavelength of 775 nm. The M 2 value and beam diameter (1/e 2 ) of laser system are ∼1.5 and ∼10 mm, respectively. A 50/50 beam splitter is used to divide the initial NIR energy into a "pump beam" for NIR strong-field ionization and a "probe beam" for high harmonic generation (HHG). Both beams are combined in a 10 mm long absorption cell that is filled with 0.27 kPa of vinyl bromide. The NIR pump beam is focused by an f/40 spherical lens of effective focal distance of ∼1 m. The XUV probe beam is focused by a toroidal mirror. 33 The XUV and NIR beam diameters (1/e 2 ) at the focus (i.e., target cell position) are 100 ± 10 μm and 150 ± 10 μm, respectively, both measured by using knife-edge scans. The XUV beam diameter is two-thirds of the NIR pump beam, which reduces spatial averaging effects in the detected ionic states due to the NIR intensity profile. In the pump-probe experiment, a positive time delay indicates that the NIR pump pulse arrives at the sample before the XUV probe pulse. All experiments are performed with parallel pump and probe beam polarizations.
A calibrated power meter, placed in front of the vacuum entrance window, is used to measure the NIR power for the pump beam. The pulse duration is measured by using an interferometric autocorrelator. The estimated peak intensity of the NIR pump beam for strong-field ionization ranges from FIG. 1. Experimental setup for XUV transient absorption spectroscopy. The red and blue color lines represent the NIR (pump) and XUV (probe) beams, respectively. The relative delay time is controlled by a delay stage. BS: beam splitter, HHG: high harmonic generation, TM: toroidal mirror, HWP: half wave plate, TFP: thin film polarizer, RM: recombination mirror and MCPs: microchannel plates. 140 (±70) TW/cm 2 to 290 (±100) TW/cm 2 . Note that the intensity profile of the NIR beam and the longitudinal extent of the focal volume result in a broad distribution of power densities; the peak intensities are quoted. The XUV probe beam is generated in a 25 mm long gas cell filled with neon gas at a pressure of 3.3 kPa. 17 The generated XUV light with energies between 50 eV and 72 eV has an overall flux of ∼10 5 photons/pulse at the sample cell. Energy calibration of the spectrometer is performed using the characteristic XUV absorption lines of laser-produced Xe + ions at transition energies of 55.4 eV and 71 eV. [49] [50] [51] A combination of a half-wave plate and a thin film polarizer is used to vary the power of the NIR pump beam.
All transient absorption spectra (delta optical density OD) presented here are obtained by using a transmission spectrum collected at a time delay of −550 fs as a reference. 8, 33 The transient optical density is defined as OD(E,t) = log [I(E, t = −550 fs)/I(E, t)], where I(E,t) represents the transmitted intensity at pump-probe time delay t and XUV photon energy E. A small time-independent background from scattered NIR pump photons precludes the use of the pump-off transmission spectra as a reference. Using the transmission spectrum at −550 fs as a reference virtually eliminates the impact of the unavoidable small NIR background that occurs in each transient absorption spectrum. The sample gas pressure in the pump-probe experiments is kept low to prevent clogging of the sample cell resulting in a typical OD ≤ 0.1. The spectrum for each time delay is averaged over ten repeated scans resulting in a total data acquisition time of 250 s per delay, yielding a signal-to-noise ratio of Quantum chemistry calculations were carried out for doubly charged C 2 H 3 Br ++ ions. Density functional theory (DFT) calculations are performed using the GAUSSIAN 09 program package. 52 The hybrid functions of Becke, 3parameter, Lee-Yang-Parr (B3LYP) for exchange-correlation energies with the 6-311++G(3d,2p) basis set are employed in the calculations. The calculations yield vertical ionization energies (IEs) for the transition from the ground state of C 2 H 3 Br to C 2 H 3 Br ++ ions. The results are tested by comparing calculations for other organic molecules (e.g., ethene, 2-butene, and benzene) with available experimental results. 53 The agreement is within 0.6 eV, verifying the accuracy of the calculations for single and double ionization energies. In addition, the transition state for the dissociation of C 2 H 3 Br ++ into C 2 H 3 + + Br + is characterized. All reported results from this calculation (Sec. V B) include corrections for zero point energy. Figure 2 shows a static absorption spectrum of neutral vinyl bromide. The absorption spectrum is obtained from two XUV transmission spectra with and without the gas sample in the target cell. The conversion from transmission to absorption spectra is performed according to OD = −log [I(E)/I 0 (E)], where I (E) and I 0 (E) represent the XUV transmission spectrum with and without vinyl bromide in the sample cell, respectively. The open squares and red solid line represent the experimental data and overall fit result, respectively. The spectrum is fit to two Gaussian features centered at 71.1 eV and 71.9 eV that have been previously assigned to the spin-orbit split transitions from Br (3d) inner-shell orbitals to the LUMO+1 orbital (σ *, C-Br antibonding). 54 Figure 4 shows a two-dimensional false color map of the transient absorption spectra ( OD) versus time delay at a NIR peak intensity of 220 ± 90 TW/cm 2 . The transient species are labeled according to the peaks shown in Fig. 3 . In Fig. 4 , the formation of peaks 2 to 5 (yellow/red) and the depletion of peaks 6 and 7 (blue) occur promptly. The rise time of the leading edge of these signals reflects the temporal resolution (instrument response function, IRF ∼61 ± 11 fs) of the experiments. However, peak 1 exhibits a slower rise time of 330 ± 150 fs. Moreover, the absorption maximum of peak 2 evolves from 65.5 eV to 65.1 eV within the rise time of peak 1. This shifting implies that some ultrafast dynamics are imprinted in the time-dependent XUV absorption profile. The transition energies for all other peaks remain constant for all pump-probe delays. Further analysis of Fig. 4 will be presented in Sec. IV A. ranging from 140 ± 70 TW/cm 2 to 290 ± 100 TW/cm 2 . The vertical and horizontal axes represent the densities of the transient species and the XUV energies, respectively. The spectra are displayed as recorded with varying NIR intensities and constant XUV intensities; they are not normalized to one another. In the spectra, the amplitudes of peak 1 and peak 2 hardly change with the NIR peak intensity. However, a strong dependence of peaks 3, 4, and 5 on the NIR peak intensity is observed. The depletion of neutral C 2 H 3 Br at peaks 6 and 7 increases markedly when going from 140 TW/cm 2 to 220 TW/cm 2 , but remains virtually constant upon further increase of the peak intensity to 290 TW/cm 2 . lowest unoccupied MO), as shown in Figs. 6(a) and 6(b), respectively. The electron density located on the bromine atom is very small in the LUMO. In contrast, the LUMO+1 has significant density on the bromine atom and antibonding character along the C-Br bond. Figure 6 (c) shows the HOMO, which has π bonding character between two carbon atoms and π * antibonding character between the carbon and bromine atoms. [55] [56] [57] [58] The electron densities are located above and below the molecular plane, and the wavefunctions have opposite signs around the C-C bond and the bromine atom. The HOMO−1 in Fig. 6(d) has a lone pair of electrons localized on the bromine atom with maximum density in the molecular plane. [55] [56] [57] [58] The HOMO−2, shown in Fig. 6 (e), has strongly delocalized electron density above and below the molecular plane.
III. RESULTS

A. Static and transient absorption spectra
B. Power dependence measurements
C. Calculated molecular orbitals of the vinyl bromide molecule
IV. DATA ANALYSIS
A. Spectroscopic assignments of static and transient absorption spectra
Neutral vinyl bromide has previously been studied using inner-shell electron energy loss spectroscopy (ISEELS) in the vicinity of the Br (3d) absorption edge. 54 The static absorption spectrum in Fig. 2 is analyzed by a fit to two Gaussian peaks (solid and dashed curves). The resulting peak centers are located at 71.1 eV and 71.9 eV, respectively. The obtained full widths at half maximum (FHWM) are 1.0 eV and 0.7 eV. The lower energy component is broader than the higher energy component due to the ligand-field splitting (molecular field splitting) of the Br (3d) inner-shell hole state. 59 The valence spin-orbit splitting of LUMO+1 is of the order of ∼0.05 eV. 60 Vibrational progressions also contribute to the broadening of each absorption peak in the Br (3d)-to-LUMO+1 transition. Note that the static absorption lines in Fig. 2 are not assigned to Br (3d)-to-LUMO transitions as a consequence of negligible spatial overlap between the initial and final molecular orbitals, resulting in negligible oscillator strengths for the corresponding transitions. 54, 61 The LUMO has little electron density in the vicinity of the bromine atom ( Fig. 6(a) ), and thus the Br (3d)-to-LUMO transition probability is very small.
The transient spectrum shown in Fig. 3 is simultaneously fit with multiple Gaussian peaks. The fit results (solid and dashed curves) and assignments are shown in Fig. 7 . The peaks represent inner-shell to valence transitions in atomic Br ( 2 P 3/2 ), singly charged parent ions (C 2 H 3 Br + ) in theX andÃ states, the doubly charged (C 2 H 3 Br ++ ) parent ions, and neutral vinyl bromide. Each feature comprises a pair of innershell excited spin-orbit states representing the 3d −1 5/2 ( 2 D 5/2 ) and 3d −1 3/2 ( 2 D 3/2 ) configurations separated by ∼0.9 eV. The initial values for the peak positions are set according to direct measurements, when available, and estimates. The innershell absorption energies of atomic Br (3d) and C 2 H 3 Br ++ dications are obtained from the literature. 34, 62 The absorption energies of neutral vinyl bromide are obtained from the experimental free fit result shown in Fig. 2 . The absorption energies of singly charged parent ions are estimated as illustrated in Fig. 8 . The positions, widths, and intensities of all peaks shown in Fig. 7 are allowed to vary simultaneously. The boundary conditions imposed on the fit are that each innershell spin-orbit pair has the same width (limited by the experimental energy resolution), and all spin-orbit pairs have the same energy splitting of 0.9 eV. The fit results and initial estimates are listed in Table I .
There are no experimental values available for the Br (3d) inner-shell absorption energies of C 2 H 3 Br + parent ions in the ionicX andÃ states. These two ionic states correspond to the ionization of electrons from the HOMO and HOMO−1 orbitals, respectively. The inner-shell to valence level transition energies within the two ionic states are estimated by the difference between the binding energies of Br (3d) inner-shell electrons and the IEs of the HOMO and HOMO−1 valence electrons (Fig. 8 ). The previously measured inner-shell electron binding energies for vinyl bromide are 76.4 ± 0.3 eV and 77.3 ± 0.3 eV for the spin-orbit-split inner-shell states 3d −1 5/2 ( 2 D 5/2 ) and 3d −1 3/2 ( 2 D 3/2 ), respectively. 34, 54, 59 The IE of electrons in the HOMO is 9.8 eV. [55] [56] [57] [58] Within a simple Koopmans' picture ( Fig. 8 ), 63, 64 Br (3d)-to-HOMO transition energies of 66.6 ± 0.3 eV and 67.5 ± 0.3 eV are obtained. These values support the assignment of the absorption peaks 3 and 4 ( Fig. 7 ) at 66.4 eV and 67.3 eV to the Br (3d)-to-HOMO transitions in the parent C 2 H 3 Br + ion.
Following the same procedure as for the HOMO vacancies, the Br (3d)-to-HOMO−1 and Br (3d)-to-HOMO−2 energies are derived as the difference between the Br (3d) ionization energies noted above and previously determined Table I , so it is reasonable to assign those peaks to the ionicÃ state. As shown in Figs. 3 and 4 , the lack of any clear time-dependent absorption peak centered at 64.1 eV indicates that signal from ions in theB state (i.e., HOMO−2 hole), if present, would appear below our detection limit (∼ OD = 0.01). In addition, the power dependence measurement in Fig. 5 shows no apparent profile change near the overlap between theB state and the atomic Br (peak 1), which might be expected since production ofB state ions requires more IR photons. This evidence suggests that we generate theX andÃ states of the parent ion, but not theB state. From the fit results shown in Fig. 7 , the absorption ratios of the inner-shell-excited spin-orbit component (3d 5/2 /3d 3/2 ) for the ionicX andÃ states are 1.7 ± 0.1 and 2.7 ± 0.2, respectively.
No experimental values are available for the Br (3d) inner-shell absorption energies of C 2 H 3 Br ++ ions. The TABLE I. The peak positions/widths (FWHM) from the fits in Fig. 7 (+5 ps) and from the estimates in Fig. 8 . The unit is in electron volt (eV). absorption peaks in the spectral range between 68 eV and 70 eV have previously been assigned to doubly charged ground state CH 2 Br 2 ++ and Br ++ ions. 34, 62 Thus, the absorption peak in this energy region is assigned to the dication.
Peak position from
The fit results indicate that the ratio of the absorption strengths for the 64.4 eV ( 2 P 3/2 → 2 D 5/2 ) and 65.4 eV ( 2 P 3/2 → 2 D 3/2 ) transitions in atomic Br is equal to 5. This value is consistent with the literature. 65 An experimental energy resolution (FWHM) of ∼0.45 eV is derived by deconvoluting the atomic Br (3d) line at 64.4 eV, taking into account the natural linewidth (∼0.1 eV). 62 There is no clear evidence for atomic Br production in the valence excited spin-orbit state ( 2 P 1/2 ) from C 2 H 3 Br + ions. 66 This result is similar to the results of photoelectron-photoion coincidence experiments, which showed that vinyl bromide parent ions with sufficient energy to dissociate yielded only C 2 H 3 + +Br ( 2 P 3/2 ) products. 67, 68 
B. Ultrafast dissociation and relaxation dynamics of C 2 H 3 Br + and C 2 H 3 Br ++ ions
The time-dependent absorption spectra (such as those shown in Fig. 4 ) are further analyzed and converted to pumpprobe traces as shown in Figs. 9-11. For each transient spectrum corresponding to a specific pump-probe delay, a separate multi-parameter fit is performed as described in Sec. IV A (Fig. 7 ). This series fits at different delays include a boundary condition that imposes fixed relative absorption strength for each inner-shell spin-orbit pair from Fig. 7 . Performing the same fit procedure for multiple time-delays results in the time-dependent signal intensities shown in Figs. 9 and 10 and the peak positions shown in Fig. 11 . The careful step-by-step fit procedure is applied in order to separate contributions from overlapping signals in a more reproducible manner than, for example, in a global 2D fit procedure. The latter would also make it more difficult to distinguish between a single signal with a time-dependent energy (such as theÃ state signal) and several adjacent signals with constant energies but time-dependent intensities. Variations in the peak positions and widths derived by the fit procedure are within 50 meV, except for the ∼0.4 eV shift of theÃ state energy, confirming the visual identification of the change in the absorption energy near peak 2 in Fig. 4. Figures 9(a) -9(c) show pumpprobe traces for the production of singly charged ions in thẽ X state (black), the depletion of neutral vinyl bromide (blue), and the emergence of doubly charged ions (red) over time delays ranging from −0.6 ps to 2.5 ps. Figures 9(d) and 9(e) display pump-probe traces for the emergence of atomic Br ( 2 P 3/2 ) and singly charged ions in theÃ state, respectively. Figure 10 shows the pump-probe traces for all transient species over time delays ranging from −5 ps to 20 ps, using coarser time intervals. Figure 9 (a) shows that the singly charged ions in theX state (HOMO hole) are produced promptly by the strong laser field. The time constant of the rising edge in Fig. 9(a) is obtained by fitting the data with an error function with a FWHM of 65 ± 14 fs (black line). The depletion of neutral molecules shown in Fig. 9(b) occurs promptly, too, and can be described by an error function with a FWHM of 55 ± 17 fs (blue line). We take the weighted average of these values to be the instru- mental response functions (IRF), 61 ± 11 fs. In Fig. 9(c) , a simulation of the rising edge with an IRF of 61 fs is shown as a red solid line in comparison to the C 2 H 3 Br ++ parent ion signal (red markers). This indicates that the doubly charged ions (C 2 H 3 Br ++ ) are generated instantly within the time resolution of this experiment. We are not able to distinguish the subtle difference between sequential and non-sequential double ionization in this experiment. In addition, the small overshoot signal on top of the constant plateau indicates that some dications dissociate into fragment ions within the first few hundred femtoseconds. The majority of dications, however, are long-lived. This will be discussed in Sec. V B. Figure 9(d) shows the pump-probe trace for the emergence of atomic Br ( 2 P 3/2 ). The trace is fit to a single exponential growth function convoluted with the IRF. The resulting time constant of the single exponential growth is 330 ± 150 fs (red line). Figure 9 (e) shows the transient intensity trace for the ionicÃ state at short pump-probe time delays. TheÃ state signal exhibits a small but noticeable overshoot at early times that decays rapidly toward the asymptoticÃ state signal level. The limited signal-to-noise ratio of the pump-probe trace prevents a completely free fit using a kinetic model composed of an exponential decay and a constant value. However, the pump-probe trace can be well approximated by a fit curve (red) that represents the sum of an exponential decay with a fixed time constant of 330 fs chosen to match the Br ( 2 P 3/2 ) rise and an instantaneously rising, constant value, both convoluted with the IRF (61 fs). This suggests instantaneous production ofÃ state ions within the time resolution of the experiment that either remains stable within the first few picoseconds or decays into other products within ∼330 fs. The obtained free fit ratio of amplitudes for the decaying vs. constant components is ∼0.37 ± 0.25. of the singly and doubly charged ions with respect to C-Br bond dissociation in this time window from these states. The solid curves represent extended plots of the fit results shown in Fig. 9 to guide the eye. Figures 11(a) and 11(b) show a series of transient spectra recorded with pump-probe time delays ranging from −50 fs to 300 fs and 0 ps to 15 ps, respectively. Each spectrum is fit with six Gaussian functions that represent the inner-shell excited spin-orbit components (3d −1 3/2,5/2 ) for the atomic Br ( 2 P 3/2 ) and the ionicÃ andX states, as shown in Fig. 7  (Sec. IV A) . Free fit parameters are the ion/neutral peak intensities, widths, and positions. The relative absorption strength of each inner-shell excited spin-orbit component is kept the same as those in Fig. 7 while allowing the absolute intensity to float. This systematic deconvolution procedure quantifies the time-dependent energy shift of the ionicÃ state signal within the first ∼300 fs as noted in Sec. III A (Fig. 4) . The time-dependent peak maximum position of theÃ state signal that results from this series of fits is indicated by small dots in Fig. 11(a) ; its temporal evolution is shown in Fig. 11(c) . The absorption energies of ions in theX state and atomic Br ( 2 P 3/2 ) remain constant. For time delays beyond ∼1 ps, the XUV absorption energies of all transient ions and fragments remain constant ( Fig. 11(b) ). The red solid line in Fig. 11(c) is derived by an exponential fit of the energy shift and represents a guide for the energy shift of theÃ state peak. The time constant for the exponential decay is 130 fs. Note that at time zero in Figs. 11(a) and 11(b) , the transient ions could be subjected to an AC stark effect that would result in a shift in the absorption energy. However, this effect would be limited to the temporal overlap between the XUV and NIR pulses (IRF 61 fs) and, thus, cannot be responsible for the longer-time dynamics seen here. Figure 12 displays the areas of the Gaussian peaks that are used to model the transient species versus the NIR peak intensity in Fig. 5 . Each spectrum is fit with multiple Gaussian peaks as described in Sec. IV A. The ion signals related to theX state and the doubly charged C 2 H 3 Br ++ dications increase markedly with increasing NIR peak intensity. However, the signal intensities for the ionicÃ state and the atomic Br ( 2 P 3/2 ) remain constant. According to Figs. 5 and 12, the depletion of neutral molecules seems to saturate at a NIR peak intensity of 220 TW/cm 2 but the ODs of the ionicX state and C 2 H 3 Br ++ ions still increase with the NIR peak intensity.
C. Correlated densities of transient species in power dependence measurements
V. DISCUSSION AND THEORETICAL CALCULATIONS
A. Ultrafast relaxation and dissociation dynamics of C 2 H 3 Br + ions in the ionic Ã state Figures 9(d) and 9(e) demonstrate that the decaying fraction of theÃ state signal can be characterized by the time constant (330 fs) obtained from the free fit of the emerging atomic Br ( 2 P 3/2 ) signal. This observation suggests that some of the C 2 H 3 Br + ions formed in theÃ state dissociate along the C-Br bond to form atomic Br ( 2 P 3/2 ). In Figs. 11(a) and 11(c), a continuous shift of the XUV absorption peak (∼0.4 eV) associated with theÃ state of the parent ion is observed. Such an XUV spectral shift has been observed in Br 2 as the result of a vibrational wavepacket produced by SFI. 43 The evolution of theÃ state absorption energy occurs within the time window during which the C-Br bond breaks. The energy shift of the XUV absorption maximum may, therefore, indicate a vibrational energy redistribution in theÃ state ions that is followed by the C-Br bond dissociation. The ionicÃ state has been implicated with respect to the C-Br bond dissociation in a previous study involving single photon ionization. 68 The relevant energetics for dissociative ionization and ionic dissociation are 68 C 2 H 3 Br → C 2 H 3 + Br + 15.4 eV,
(1) C 2 H 3 Br → C 2 H 3 + + Br( 2 P 3/2 ) 11.9 eV,
C 2 H 3 Br + (X) → C 2 H 3 + + Br( 2 P 3/2 ) 2.1 eV,
C 2 H 3 Br + (Ã) → C 2 H 3 + + Br( 2 P 3/2 ) 1.0 eV.
Equations (1) and (2) show that DI to Br + ions is a considerably higher energy channel than DI to neutral Br( 2 P 3/2 ). Equations (3) and (4) show the energies required for the formation of atomic Br ( 2 P 3/2 ) relative to the minima of the ionicX and A states, respectively. [69] [70] [71] The dissociation threshold of thẽ X state is twice as high as that of theÃ state. Hence, if SFI creates ions in theX andÃ states with comparable levels of internal excitation, one can envision that some of theÃ state ions but none or relatively few of theX state ions will have enough energy to dissociate, leading to a depletion of theÃ state population and a shifting of its XUV electronic band at short pump-probe time delays, as the hotter ions fall apart. However, without a better understanding of the vibrational energy distribution produced by SFI, one cannot say if this simple energetic argument suffices to explain the differences in the temporal behavior of theX andÃ state signals, or if SFI selectively deposits more internal energy intoÃ state ions thanX state ions.
In principle, atomic Br ( 2 P 3/2 ) can be produced from the dissociation of neutral vinyl bromide along the C-Br bond. Such an excitation process would require four NIR photons to reach the neutral excited state at 6.4 eV ( 1 ππ * ). 58 This excited state may cross to a lower energy state that breaks the C-Br bond. 58 The power dependence of both the atomic Br ( 2 P 3/2 ) and the ionicÃ state yields is strongly saturated (Fig. 12) , supporting the picture of strong-field ionization of vinyl bromide leading to C-Br bond dissociation from the ionicÃ state. The saturation of ion production as a function of NIR peak intensity in the strong-field ionization regime has previously been reported. 72 The strong-field ionization process would ionize neutral vinyl bromide molecules before the C-Br bond dissociation occurs. Therefore, the contribution of atomic Br ( 2 P 3/2 ) from the dissociation of neutral vinyl bromide molecules is unlikely. 34, 73 Internal conversion from the ionicÃ state to theX state accompanying the dissociation of the C-Br bond in theÃ state is also unlikely. The rise time of the ground state parent ions is 65 ± 14 fs, which does not agree with the slower time constant of atomic Br formation (330 ± 150 fs) and the comparable time constant of the par-tialÃ state population decay. The constant intensity of the ground state ions also indicates that dissociation of the C-Br bond in this state is unlikely.
B. Generation and stability of C 2 H 3 Br ++ ions
The small overshoot signal at early times in Fig. 9 (c) indicates that some hot dications with sufficient internal energy may dissociate into fragments. Figure 10(c) , however, shows that nearly all doubly charged C 2 H 3 Br ++ ions are long-lived and do not undergo dissociation through Coulomb explosion over time delays ranging up to 20 ps. Metastable dications of unsaturated hydrocarbons with lifetimes on the order of nanoseconds have been observed in several TOF studies. 74, 75 According to GAUSSIAN 09 calculations for vinyl bromide, removing two electrons from the HOMO orbital requires the lowest total ionization energy for the generation of the dication (27.2 eV) . Under the assumption that the lowest energy state of C 2 H 3 Br ++ dications is generated, we perform DFT calculations to estimate the stability of this ion. A theoretical calculation illustrated in Fig. 13 indicates several possible dication dissociation pathways following the dissociative ionization of vinyl bromide. The appearance potentials for three different dissociation channels are given by Eqs. (5)- (7), 
C 2 H 3 Br → C 2 H 3 + + Br + 23.9 eV.
The uneven charge separation channels (Eqs. (5) and (6)) are considerably higher in energy and, thus, much less likely to play a role in the dication dissociation dynamics. Therefore we focus solely on Eq. (7) . As shown in Fig. 13 , the vertical ionization energy for the generation of C 2 H 3 Br ++ dications is 27.2 eV. This energy is higher than that required to produce C 2 H 3 + + Br + ions. Table II summarizes the dication bond angles and bond lengths for the local minimum at 26.6 eV, ground state dications at 26.2 eV, and transition state structures (28.9 eV) along the dissociation channels according to Eq. (7) . The optimized structure for free C 2 H 3 + ions is also listed in the table. Right after vertical double ionization within the NIR pulse, the molecular ions elongate along the C-C bond to a local minimum at 26.6 eV. This stretching enables a rotation around the C-C bond toward a structure that has staggered geometry at 26.2 eV. Elimination of the Br + ion would proceed through a transition state at 28.9 eV that is marked by a Y-shaped C 2 H 3 + radical ion. The 1.7 eV higher energy of this transition state compared to the initial Franck-Condon active dication state may explain the long lifetime of the majority of dications produced by SFI. However, some dications with higher internal energy may dissociate to form fragment ions.
In our measurements, we do not probe dynamics beyond 20 ps, where dissociation of dications into C 2 H 3 + + Br + ions may occur. This channel has been observed in a previous SFI study 76 that used ion TOF spectroscopy to collect the dissociation products in a nanosecond time window.
VI. CONCLUSIONS AND OUTLOOK
The ultrafast dissociative ionization and relaxation dynamics of vinyl bromide exposed to a strong NIR laser field have been studied with a table-top femtosecond XUV transient absorption setup. The NIR field removes electrons both from the HOMO and HOMO−1 of neutral vinyl bromide (C 2 H 3 Br), corresponding to the generation of ionicX andÃ states, respectively. Ions in theX state are long lived with lifetimes longer than 20 ps. Most of the ions in theÃ state do not dissociate in the time window of 20 ps. However, some ions in theÃ state, presumably those with high internal energies, appear to dissociate within a few hundred femtoseconds, leading to a decay of the ionicÃ state population and a dynamic shift of the XUV absorption energy by ∼0.4 eV. The time scales for the decay of theÃ state ions and their dynamic energy shift are close to or smaller than the time constant for the atomic Br ( 2 P 3/2 ) emergence (330 ± 150 fs), suggesting that the C-Br bond dissociation occurs from the ionicÃ state.
NIR power dependence measurements indicate a correlation between the time-dependent signals associated withÃ state ions and atomic Br ( 2 P 3/2 ) fragments, supporting the formation of free atomic Br ( 2 P 3/2 ) from theÃ state. Electronic structure calculations suggest that an energy barrier along the dissociative reaction coordinate of C 2 H 3 Br ++ to form C 2 H 3 + + Br + may prevent direct dissociation of the dication, indicating the production of stable ions upon ionizing two electrons from the HOMO orbital.
The current study demonstrates that a tabletop femtosecond XUV light source can be used to probe the ultrafast dissociation dynamics of ions by monitoring changes in the XUV absorption strength and energy. The dynamics of vinyl bromide molecular ions with a broad internal energy distribution have been investigated. In future studies, this method will be applied to molecules excited by one-photon excitation processes and with known internal energies. Dynamics around conical intersections, internal conversion, and ring-opening dynamics of excited polyatomic molecules will be explored with femtosecond time resolution and element specificity.
